We consider the role of the pump pulse in the output of a synchronously pumped mode-locked dye laser. Our theoretical formalism is a nonlinear dynamical model that includes semiclassical effects, dipole orientation, and intraband relaxation. In particular, we study the shortening of the output pulse with decreasing pump pulse length and increasing pump level. Both of these predictions agree with experiments.
INTRODUCTION
The synchronously pumped mode-locked (SPML) dye laser has benefited repeatedly during its 20-year history from improved pump sources. The SPML concept was first demonstrated in 1968, when pulsed pump sources were usedl- 3 ; however, the technique remained of limited practical value until cw mode-locked pump sources were exploited. 4 5 Recently there have again been significant improvements in available pump sources for SPML dye lasers; notable is the fiber-grating compressed Nd:YAG laser, which can deliver subpicosecond pulses. 6 When pulses from these laser systems are doubled and used for synchronous pumping of organic dye lasers, tunable pulses of 200-300 fsec are obtained directly from the SPML laser. 7 ' 8 The purpose of this paper is to support these ongoing technological improvements in SPML pump sources with a sound theoretical discussion of the role of the pump pulse in SPML dye lasers.
Our numerical results are in good agreement with the recent experiments but suggest that only limited further improvements may be possible.
The theoretical understanding of SPML lasers has advanced on both the analytic and the numerical levels. Because of the stringent approximations imposed in the analytic theory, the two approaches are perhaps best considered distinct, at least in their goals. The analytic work has evolved from the self-consistent pulse picture of Kuizenga and Siegman 9 and of Haus,' 0 and specific application of this formalism to SPML systems has been considered by Frigo et al.," Ausschnitt et al.,1 2 and Kim et al. 13 These studies have provided closed-form, approximate expressions for the output-pulse characteristics as functions of cavity detuning, system gain, and several dye parameters. More rigorous numerical modeling of SPML dye lasers has been undertaken by many groups, 4 -2 5 since only this technique facilitates the study of transient effects and specific pulse-shape informatifn. The numerical models also have the advantage that their framework can easily support the study of random noise sources, such as spontaneous emission, which can lead to profound effects at large cavity mismatches far from the optimum cavity length. 2 021 Much of this computational work has been done in the rate-equation limit; however, semiclassical effects have been shown to be significant in the steady-state pulse shape. 21 - 2 5 An important point of study for nearly all these references has been the dependence of the SPML laser output on the cavity length mismatch between the pump laser and the SPML laser since this is a strong and sensitive test of a candidate theory and is of great practical import. A bandwidth-limiting tuning element is found in most practical systems, and the effects of these filters have been well con- 25 On the other hand, only cursory attention has been paid to the adjustable parameters associated with the pump source. The analysis of Ausschnitt et al. predicts that at zero mismatch the SPML pulse width varies as the square root of the pump pulse width. 12 Kim et al., in an analysis under slightly different conditions, show that the leading term of the SPML pulse width goes as the cube root of the pump pulse width.' 3 Both of these findings were highly approximate, and there has been no rigorous numerical study detailing pump pulse effects in SPML lasers.
In this paper we explicitly consider the role of the pump pulse in the output of a SPML dye laser by numerically modeling the Rhodamine 6G laser under different pumping conditions. In Section 2 we review the theoretical model developed in Ref. 24 . This nonlinear dynamical model includes semiclassical effects, dipole orientational effects, and intraband relaxation. The results of our calculations are then presented in Section 3. In particular, we find a shortening of the output pulse with decreasing pump pulse length or increasing pump pulse level. The effect of pump pulse width is compared with the experiments of Refs. 7 and 8, and the effect of pumping level is tested with our own data. Our theory agrees quantitatively with available experimental data, and we also present results from regimes outside the realm of current experimental interest. In Section 4 we reduce our model to the rate equation limit and discuss the importance of coherence effects in ultrashort-pulse laser modeling. We present a summary in Section 5 and also consider the possibility of further enhancements in SPML lasers.
THEORY
Our starting point is the semiclassical dye-laser amplifier model developed in Ref. 24 . Beginning with the density matrix equations and Maxwell's equations, that paper de-rived a set of ordinary, nonlinear differential equations that govern the interplay of the electric field with the molecular populations and the polarization. When the electric field is normalized to its steady-state gain saturating value, this set of equations may be written as
dA/dt = -L/2tAL(A -J Qxdx).
In Eqs. (1)- (4), D is a normalized population difference, M is a normalized population sum, Q is a normalized polarization, and A is a normalized electric field. The dye decay time from the S 1 band to the So band is T2, and Ti is the lower manifold intraband vibrational relaxation time. T is the semiclassical coherence time. In our modeling of the Rhodamine 6G laser, Ti = 1 psec, T2 = 5 nsec, and T, = 50 fsec.
The dynamical rate constant associated with the field is composed of the cavity length L, the cavity lifetime t,, and the optical length mismatch AL between the pump-laser cavity and that of the dye laser. In this work, L = 1.8 m, tc = 10 nsec, and AL is kept in the 0-30-,um range that gives the shortest output pulses. This model is also general enough to include explicitly the orientation of the molecular dipoles, x = cos 0, and, in particular, we have chosen an isotropic molecular distribution. Thus Eqs. (1)- (3) Orientational effects also manifest themselves in the specific output pulse shape, particularly at small AL's. 24 Of specific interest in this paper is the normalized pump function P(t), and for most of this work a Gaussian shape was chosen:
RESULTS
Equations (1)- (4) were numerically solved on a Sun workstation minicomputer, using a standard Runge-Kutta routine for the time integration and a Simpson routine for the integral over the dipole orientation. The individual pulse dynamics has, in general, been reported on extensively,14 25 and for this study we are more concerned with the trends associated with various pertinent output pulse parameters as either the pump level or the pump pulse width is varied.
In particular we concentrate on the full width at half-maximum (FWHM) pulse width tp, the peak intensity Ipk, and the time Tpk at which the peak of the output pulse occurs. Tpk is measured with respect to the Gaussian pump pulse, 
Importantly from the point of view of this paper, the pump represents two additional control parameters, the pump pulse width AT and the pump level Po, with which the dyelaser output may be optimized.
It was demonstrated in Ref. 24 that this set of equations adequately describes the pulse shapes for typical SPML dye-laser systems in operation at the time. The main point of comparison in Ref. 24 was the sensitive behavior of the satellite pulses as a function of AL, and care was taken to match the experimentally measured autocorrelations with numerically calculated autocorrelations. Missing from our set is a description of the bandwidth-limiting filter with which the operating wavelength is tuned, and it is possible that the agreement between our theory and the experiments below might be improved if the effects of such a filter were explicitly included in our modeling. In Section 3 we present the results of our study, focusing on the importance of AT and Po and emphasizing systems of current experimental interest. which is centered at zero, and it should therefore be noted that when the dye-ldser pulse occurs in the first half of the pumping process, Tk is negative.
In keeping with our own SPML system, an argon-ionpumped Rhodamine dye laser, and the more recently devel- the laser. The dye-laser pulse width was measured using a Spectra-Physics 409 autocorrelator at the cavity length that gave the optimum, shortest pulse, which, as suggested by the theory, is -5 im. In Figs. 2(a) and 2(b) are plots of Ipk versus r for Ar = 100 psec and Ar = 10 psec, respectively. Noteworthy is the sharp increase in Ipk as r increases from 1 to 3. The scale in Fig. 2(b) is 10 times greater than in Fig. 2(a) . As r increases for a given Ar the output pulse occurs sooner, as shown in Fig. 3 . The zero crossing for Tpk occurs near r = 3 for Ar = 100 psec and between r = 4 and r = 8 for Ar = function of Ar is shown in Fig. 6 for several values of r and AL. It is noteworthy that each curve approaches a constant, Tpk = 2.5 psec, for Ar's shorter than a few picoseconds. Thus, for subpicosecond pump pulses, the dye-laser pulse arrives after the completion of the pump.
This limit where the pulse width tp, the peak intensity Ipk, and the pulse peak time Tpk become insensitive to further decreases in A-r is clearly the delta-function limit. For the cases chosen here, this limit is approximately A-r = 1 psec.
It is of interest also to study pulse shaping as a function of pump pulse length, and plots of calculated output pulses for fixed r = 3 and AL = 10 Asm are shown in Figs. 7(a), 7(b) , and 7(c) for Ar = 100, 10, and 1 psec, respectively. Importantly, the satellite pulses diminish as Ar decreases. This is not surprising since the cause of the satellite pulses is principally a surplus of gain delivered by the pump pulse after the primary output pulse is formed. 24 Near the delta-function limit, all the gain is delivered before dye-laser action starts, and only one pulse is formed. We note that the published autocorrelation in Ref. 8 shows no satellite pulse for A-r = 3.5 psec.
Our results so far have been limited to a symmetric Gaussian pump pulse. If one allows for asymmetric pulse shapes, then the rise time and the fall time become decoupled from the pulse width and thus potentially become additional optimization parameters. To test, in particular, the cases of a short rise or fall time with a relatively long pulse time, we used a trapezoidal pump pulse of the form
for an extensive series of runs. Here T, is the total rise time,
(T 3 -T2) is the total fall time, and A-r = (T 3 + T 2 -T)/2 is the FWHM pulse length.
After it was verified that the discontinuous nature of this simple shape did not significantly effect the output, a wide range of runs was done with different rise times and fall times. Although it might be plausible to expect that for a given Ar a shorter rise time would result in a shorter output pulse, we found no trend to support this. Further, in some instances, a shorter rise time resulted in a longer tP, a result that in some cases implies that the complicated switching dynamics of a SPML laser depends as much on when the pump pulse turns off as on how fast the energy is delivered.
Also of importance is the integrating nature of the gain medium, which comes from its finite response time. Simply put, there are regimes of operation in which the integral of the pump is more important to the output than the form of the pump itself. Consequently it might be only in rare instances that engineered pump pulse shaping becomes important, particularly if this comes at the expense of pump level and overall pump pulse width.
COHERENCE EFFECTS
An important distinction of the model used here and derived in Ref. 24 is its inclusion of semiclassical effects or, more specifically, in its consideration of a finite coherence time, T, = 50 fsec. At this value it is reasonable to expect coherence effects to become more pronounced as the system dynamics become faster or, in light of the above results, at high r or small A-r. To test, in general, the importance of coherence effects, several representative runs were taken in the rate- , -tp,,) /tp., 5 Although the error is small in magnitude, it is a nontrivial function of Ar. themselves most significantly in the behavior of the satellite pulses for small detunings. Physically, a finite coherence time implies that the polarization depends on past states of the field, and therefore in the SPML laser case we are, when we include semiclassical effects, carefully modeling the evolution of a trailing satellite pulse as it is acted on by a molecular ensemble dressed by an intense primary pulse. However, we saw above that near the delta-function limit no satellite pulses are formed, and so semiclassical effects in SPML lasers, in one sense, become less important as A is decreased.
A finite coherence time also limits how fast the gain can react, and consequently semiclassical effects also manifest themselves measurably in the character of the primary pulse at all AT's considered. Because of this additional lag, the pulse width tp calculated by using semiclassical effects is always longer than those calculated in the rate-equation limit. For longer AT's the calculated peak intensity is higher when semiclassical effects are included, but for shorter AT'S the opposite is true. As is shown in Fig. 8 , the rate-equation error in these two quantities, although it is only approximately 20% on average, is not a simple function of AT. The additional delay induced by a nonzero T also implies that Tpk occurs much later in a semiclassical model than in the rate-equation case. For example, at r = 2.0 and AL = 10 /im, Tpk in the delta-function limit is 1.5 psec for the rate-equation calculations and 2.5 psec for the semiclassical theory.
CONCLUSIONS
In this paper we have studied the role of the pump pulse in the output of a SPML Rhodamine 6G dye laser. In particular we focused on two key parameters associated with a Gaussian pump: its width, AT, and its level with respect to threshold, r. Our results for t, the output pulse width, can be summarized in the contour plot of Fig. 9 , where lines of constant tp are plotted against r and AT. As r increases and AT decreases, tp gets shorter. The increase in spacing between adjacent curves in the upper right-hand corner represents a case of diminishing returns. For the Rhodamine 6G ML pulse width tp decreases as either r increases or Ar decreases but only laser, state-of-the-art technology is already near this regime, and further shortening of pulses from Rhodamine lasers will most likely come from additional system elements, such as intracavity saturable absorbers and external-cavity fibergrating compressors. On the other hand, we believe that the trends predicted in this paper are general enough to be representative of most SPML systems. Consequently one might expect improvements from SPML lasers operating at different wavelengths as their pump sources mature.
